Two preparations of ribulose 1,5-bisphosphate (RuBP) carboxylase/oxygenase (RuBisCO; EC 4.1.2.39) were obtained from the cyanobacterium Synechococcus PCC7942. In one preparation, the majority of RuBisCO was insoluble to be localized in carboxysomes ("Carboxysomal RuBisCO"), whereas in the other, the enzyme was solubilized ("Solubilized RuBisCO"). The kinetic properties of both RuBisCO preparations were determined to elucidate the changes of the activity based on packing the enzyme in carboxysomes. The activity of Carboxysomal RuBisCO decreased with increasing reaction time. The apparent affinity of the Carboxysomal RuBisCO for RuBP was lower than that of the Solubilized RuBisCO. The 3-phosphoglycerate produced in carboxysomes was detected with a lag of three minutes. These results suggest that RuBisCO activity changes dependent on packing in carboxysomes and have a diffusion resistance to RuBP and PGA.
In cyanobacteria, most of the ribulose 1,5-bisphosphate (RuBP) carboxylase/oxygenase (RuBisCO; EC 4.1.2.39) localizes in polyhedral bodies called carboxysomes . Since some mutants which are defective in the structure of carboxysomes but have normal activity of RuBisCO, require a higher concentration of CO 2 for their growth (Friedberg et al. 1989 , Ogawa et al. 1994 , Pierce et al. 1989 , Price and Badger 1989b , carboxysomes clearly play a crucial role in the CO 2 -concentrating mechanism (CCM). Carboxysomes are semicrystalline protein bodies and may be surrounded by a protein shell or coat (without a lipid bilayer membrane) Marsden 1984, English et al. 1994) , and therefore carboxysomes may reduce the permeability for substrates, products and the other effectors of RuBisCO, resulting in inAbbreviations: CA, carbonic anhydrase; CCM, CO 2 -concentrating mechanism; PG, phosphoglycolate; PGA, 3-phosphoglycerate; PGK, phosphoglycerate kinase; PGPase, phosphoglycolate phosphatase; PRK, phosphoribulokinase; RuBisCO, ribulose 1,5-bisphosphate carboxylase/oxygenase; RuBP, ribulose 1,5-bisphosphate.
ferior CO 2 fixation conditions for the enzyme. Carboxysomes impede the diffusion of CO 2 (Coleman et al. 1982 , Price and Badger 1991 and O 2 (Coleman et al. 1982) . The carboxysomal diffusion resistance may limit the diffusion of the other substrate, RuBP, and the product, 3-phosphoglycerate (PGA), in RuBP carboxylation.
In higher plants and algae, the levels of RuBP and PGA were shown to depend on various environmental conditions, such as light and CO 2 , and the levels were shown to contribute to regulate the activities of RuBisCO in vivo (Badger et al. 1984 , von Caemmerer and Edmondson 1986 , Yokota et al. 1990 ). The RuBisCO of higher plants has an important role in determining the rate of photosynthesis, and changes in the enzyme activity directly affect photosynthetic rate (Farquhar et al. 1980, Woodrow and Mott 1993) . In order to identify the enzymes and processes that determine the rate of photosynthesis under various environmental conditions in cyanobacteria, it seems necessary to estimate the in vivo activity of RuBisCO. The estimation of the in vivo activity requires the elucidation of the changes based on packing the enzyme in carboxysomes. In this study we investigated the activity of RuBisCO in carboxysomes using two RuBisCO preparations, "Carboxysomal RuBisCO" and "Solubilized RuBisCO".
Materials and Methods
Culture conditions-The cyanobacterium Synechococcus PCC7942 was cultured with air-bubbling in BG11 medium (Rippica et al. 1979 ) buffered with 10 mM HEPES-NaOH (pH 8.0). Cultures were continuously illuminated at 60^Em~2s~' and maintained at 30°C in 8-liter batches. A high-CO 2 -requiring mutant (P-N) (Price et al. 1993) , which was kindly provided by Drs. G.D. Price and M.R. Badger (Plant Environmental Biology Group, Research School of Biological Science, Australian National University) was grown in a 50-ml test tube and was vigorously sparged with 5% CO 2 in air.
Preparation of Carboxysomal RuBisCO-Cells in the late log phase of growth were harvested by centrifugation at 3,000 xg for 5 min at 25°C and washed by lysozyme buffer (pH 7.6, 20 mM TES-NaOH and 0.6 M sucrose). The cells were resuspended in the lysozyme buffer containing egg lysozyme (2 mg ml" 1 ) and incubated for 2 h at 35°C in the dark. After digestion, the cells were washed with lysozyme buffer. The cells were resuspended in a disruption buffer (pH 7.6, 20 mM HEPES-KOH, 5 mM EDTA and 0.5 mM phenylmethylsulfonyl fluoride) and disrupted with a French press at 145 MPa. The disruptant was centrifuged at 10,000 x g for 15 min at 4°C to remove unbroken cells and cell debris. The supernatant was used as the preparation of the Carboxysomal RuBisCO. Solubility of enzymes was checked by using the method of Price et al. (1992) .
Preparation of Solubilized RuBisCO-The carboxysomeenriched fraction prepared by the method of Price et al. (1992) was resuspended in 20 mM HEPES-KOH (pH 7.6) containing 10 mM EDTA and centrifuged at 10,000 x g for lOmin at 4°C. The supernatant was diluted with 50 mM HEPES-KOH (pH 7.6) and adjusted to 60% ammonium sulfate saturation (pH was readjusted to 7-8 with 1 M NaOH). The precipitate was dissolved in a volume of gel nitration buffer (pH 7.6, 50 mM Tris-HCl, 50 mM KC1, 10 mM EDTA and 10 mM 2-mercaptoethanol). The solution was put onto a column (1.6 x 60 cm) of Superdex 200 (Pharmacia, Tokyo, Japan) equilibrated with gel filtration buffer. RuBisCO fractions were collected and adjusted to 60% ammonium sulfate saturation (pH was readjusted to 7-8 with 1 M NaOH). Before the RuBisCO assay, the precipitate was resuspended in 20 mM HEPES-KOH (pH 7.6) and RuBisCO was activated with 5 mM dithiothreitol (Yokota et al. 1992) . The suspension was used as the preparation of the Solubilized RuBisCO. Although Solubilized RuBisCO gave some minor bands other than RuBisCO proteins in SDS-polyacrylamide gel electrophoresis (data not shown), it was free of PGK activity (data not shown) and had high specific activity of RuBisCO (2-3 //mol (mg protein)" 1 min"').
Measurement of carboxylase activity-Carboxylase activity was determined by two methods. The first assay method (radioisotope method) was modified from that of Badger and Price (1989) . Assays were performed at 25°C in a total volume of 1 ml reaction mixture containing 50-100^1 of RuBisCO preparation, 20 mM MgCl 2 , 60 units CA, 50 mM NaH I4 CO 3 (3MBqmmor'), and 0.01-1 mM RuBP. The mixture was purged with nitrogen gas before adding NaH 14 CO 3 , MgCl 2 and the enzyme. The radioactivity of acid-stable 14 C was determined by a liquid scintillation counter (SYSTEM 1400; Wallac, Turku, Finland). The second assay method (enzymatic method) was according to Lilly and Walker (1974) . Enzyme activity was assayed at 25°C in a total volume of 2 ml reaction mixture containing 50-100^1 of RuBisCO preparation, 20 mM MgCl 2 , 50 mM NaHCO 3 , 0.5 mM ATP, 0.1 mM NADH, 1 mM dithiothreitol, 2.5 mM creatine phosphate, 60 units carbonic anhydrase (CA), 4.5 units 3-phosphoglycerate kinase (PGK) and glyceraldehyde 3-phosphate dehydrogenase, 10 units creatine kinase and 0.1-1 mM RuBP, using a spectrophotometer (model U-3210; HITACHI Ltd., Tokyo, Japan). In both methods, the reaction mixture without RuBP was incubated for 10 min at 25°C prior to the initiation of the reaction by RuBP addition. RuBP and PGA concentrations were determined by the method of Badger et al. (1984) .
Measurements of phosphoribulokinase, PGK and phosphoglycolatephosphatase activity-Phosphoribulokinase (PRK) activity was determined by the method of Wadano et al. (1995) . PGK activity was determined with a coupled-enzyme assay similar to that used for the measurement of RuBisCO activity. Total volume of the reaction mixture was 1 ml containing 50 mM HEPES-KOH (pH7.6), 0.1 mM NADH, 2 mM ATP, 20 mM MgCl 2 , 1 mM dithiothreitol, 5 mM creatine phosphate, 1 mM PGA, 10 units creatine kinase, 4.5 units glyceraldehyde 3-phosphate dehydrogenase, 5 units glycerol-3-phosphate dehydrogenase and 5 units triosephosphate isomerase. The reaction was initiated by the addition of 50/il of PGK solution. Phosphoglycolate (PG) phosphatase (PGPase) activity was determined by the method of Suzuki et al. (1990) . Total volume of the reaction mixture was 500/il containing 50 mM HEPES-NaOH (pH 7.0), 10 mM MgCl 2 , 5 mM PG and 100^1 of PGPase solution. The reaction was initiated by the addition of PG to the reaction mixture, and stopped by the addition of 10% perchloric acid. The released Pj was determined with the Ames reagent (Ames 1966) .
Other methods-Chi content was determined by the method of MacKinney (1941) . Protein content was determined by the method of Bradford (1976) , using bovine serum albumin as the standard. SDS-polyacrylamide gel electrophoresis was done with 12.5% slab gels containing 0.1% SDS by the method of Laemmli (1970) .
Chemicals-NADH and ATP were purchased from Oriental Yeast Co. Ltd. (Tokyo, Japan). All coupling enzymes, CA, PG and PGA were purchased from Boehringer-Mannheim (Mannheim, Germany). RuBP was purchased from Sigma Chemical Co. (St. Louis, MO, U.S.A.). Percoll was purchased from Pharmacia (Uppsala, Sweden). NaH l4 CO 3 (37MBqmr', 2.0 GBq mmol"') was purchased from NEN Research Products (NE, U.S.A.).
Results and Discussion
Localization of RuBisCO in the RuBisCO preparation -The localization of Carboxysomal RuBisCO was determined by using the carboxysome isolation method developed by Price et al. (1992) . According to this method, carboxysomes aggregate with Percoll and are pelletable by low-speed centrifugation.
The RuBisCO activity in the soluble fraction was 4.5% of the activity in the crude extract (Table 1) , and 90% of the RuBisCO activity was recovered in the pellet fraction. In the P-N mutant, which lacks carboxysomes (Price et al. 1993) , the majority of the activity remained in the soluble fraction (data not shown). On the other hand, activities of PRK, PGK and PGPase in the soluble fraction were 113, 95 and 88% of those in the crude extract, respectively (Table 1) . PRK in Chlorogloeopsis fritschii, PGK in Thiobacillus neapolitanus, and PGPase in Synechococcus PCC7942 were localized in the cytosol (Holthuijzen et al. 1986 , Husic and Tolbert 1985 . These results showed that in the crude extract of Synechococcus PCC7942 most of the RuBisCO was present in the carboxysomes, and most of the PRK, PGK and PGPase were present in the cytosol.
CO 2 fixation by Carboxysomal RuBisCO and Solubilized RuBisCO-Using the two types of RuBisCO preparations, the time course of CO 2 fixation was measured by detecting acid-stable I4 C. In both assays, RuBP and NaH 14 CO 3 concentrations were 880 ^M and 50 mM, respectively. In the reaction in which CO 2 was fixed by Carboxysomal RuBisCO, the reaction rate gradually decreased with the reaction time, while in the reaction with Solubilized RuBisCO, the rate was approximately constant for the first 11 min (Fig. 1) . Since in both assays, the initial concentrations of the substrates were the same and the initial activities were nearly equal, this difference must depend on the surroundings of the RuBisCO molecules. Apparent affinity of RuBisCO for RuBP-The effects of the concentration of RuBP on the apparent activities of Table 1 Solubilities Table. the two RuBisCO preparations are shown in Fig. 2 Reaction time (min) Fig. 1 Time courses of CO 2 fixation by RuBisCO measured by the radioisotope method (see Materials and Methods). RuBisCO was activated in 50 mM HEPES-KOH (pH 7.6), containing 20 mM MgCl 2 , 50 mM NaH 14 CO 3 and 60 units CA for 10 min at 25°C. The reaction was started by addition of RuBP (880 fiM). At the indicated times, 50 /A of the reaction mixture was withdrawn and mixed with 50^1 of 4 M formic acid to stop the reaction. Open circles, Carboxysomal RuBisCO; closed circles, Solubilized RuBisCO. The experiment was repeated more than three times and the results showed the same tendencies. The values from a representative experiment are shown in this Figure. did not fit the Michaelis-Menten curve well (Fig. 2) . Marcus et al. (1992) observed a similar discrepancy from the Michaelis-Menten curve in plotting the carboxysomal RuBisCO activity against the concentration of HCO 3~, and attributed the discrepancy to a limiting of the diffusion of CO 2 into the carboxysomes for the carboxylase reaction. Thus, the diffusion resistance of carboxysomes to RuBP appears to have caused the lower affinity of RuBisCO for the substrate.
A lag phase ofNADH oxidation-Using the two types of RuBisCO preparations, RuBP carboxylation was measured by the enzymatic method. In the case of Carboxy- Fig. 3 Time course of CO 2 fixation measured by the enzymatic method (see Materials and Methods). RuBisCO was activated in 50 mM HEPES-KOH (pH 7.6), containing 20 mM MgCl 2 , 50 mM NaHCO 3> 0.1 mM NADH, 0.5 mM ATP, 1 mM dithiothreitol, 2.5 mM creatine phosphate, 4.5 units 3-phosphoglycerate kinase and glyceraldehyde 3-phosphate dehydrogenase, 10 units creatine kinase and 60 units CA for 10 min at 25°C. The reaction was started by addition of RuBP (1 mM). A, NADH oxidized. B, relative activity of RuBisCO. RuBisCO activity was expressed as a percent of the maximum velocity measured. Symbols used here are the same as in Figure 1 . The experiment was repeated more than three times and the results showed the same tendencies. The values from a representative experiment are shown in this Figure. somal RuBisCO, there was a notable lag in the oxidation of NADH (Fig. 3A) . The rate of NADH oxidation increased with increasing reaction time, and after approximately 3 min, reached a maximum under the conditions used (Fig. 3B ). In the case of Solubilized RuBisCO, on the other hand, the rate reached a maximum within 90 s (Fig. 3B ). In the case of Carboxysomal RuBisCO, the RuBP added must diffuse into the carboxysomes to start the RuBP carboxylation, and the PGA produced by the reaction must diffuse out of the carboxysomes for the oxidation of NADH by the subsequent reactions. The lag observed in the Carboxysomal RuBisCO assay seemed to be caused by the diffusion resistance of carboxysomes to RuBP and PGA. In addition, since no lag was observed in the radioisotope measurement of Carboxysomal RuBisCO activity (Fig. 1) , the lag would appear to be largely due to the diffusion resistance for PGA.
Simulation of CO 2 fixation-To estimate whether the gradual decrease in Carboxysomal RuBisCO activity in Fig. 1 is caused by the high apparent K m value of Carboxysomal RuBisCO for RuBP, the time course of CO 2 fixation by Carboxysomal RuBisCO was simulated with the high value of K m for RuBP using the Michaelis-Menten equation (Fig. 4) . The measured tfJRuBP), the initial activity and the measured concentration of RuBP used for the assay were used in the following equation (1).
(1) Fig. 2) . The values of the initial rate used here were 15.8 nmol (ml reaction mixture)" 1 min" 1 of Carboxysomal RuBisCO and 16.8 nmol (ml reaction mixture)"' min" 1 of Solubilized RuBisCO. The concentration of RuBP used was 880 fxM. In the case of Solubilized RuBisCO, the theoretical values closely fitted the measured values (Fig. 4A ). In the case of Carboxysomal RuBisCO, the theoretical values initially fitted the measured values well, but after approximately 7 min were greater than the measured values (Fig. 4B) . These results showed that the lower affinity of Carboxysomal RuBisCO for RuBP could not completely explain the timedependent decrease in RuBisCO activity in Fig. 1 .
Inhibition of RuBisCO activity by PGA-PGA synthesized during the RuBisCO reaction inhibits the activity of RuBisCO competitively with respect to RuBP in higher plants (Badger and Lorimer 1981) . The activity of RuBP carboxylation by Solubilized RuBisCO was competitively inhibited by PGA with a^o f 1.28 mM with respect to RuBP (/: 0 ,(RuBP)=24.3 //M) (Fig. 5) . To estimate whether the gradual decrease in Carboxysomal RuBisCO activity in Fig. 1 was caused by the inhibition of RuBisCO activity by PGA, the time course of CO 2 fixation was calculated by the measured K x value using the competitive inhibition equation (2). used in the assay of Solubilized RuBisCO, the theoretical values closely fitted the measured values (Fig. 6A) , while the theoretical values were still greater than the measured values of Carboxysomal RuBisCO during the latter part of the measurement period (Fig. 6B) .
If the carboxysomal diffusion resistance also reduces the diffusion of PGA produced in carboxysomes, the steady state concentration of PGA around RuBisCO will increase. To consider the effect of PGA accumulation in the carboxysomes, the time course of CO 2 fixation by Carboxysomal RuBisCO was estimated with equation ( Reaction time (min) (Fig. 7A ). These simulations showed that, under the assay conditions used, the PGA that accumulates in the reaction mixture can scarcely limit the activity of RuBisCO, and that the carboxysomes will have a diffusion resistance to PGA and the PGA accumulated in the carboxysomes will decrease the activity of RuBisCO.
Concluding remarks-The results presented here reveal that the activity of RuBisCO is dependent on the diffusion resistance of carboxysomes to the substrate (RuBP) and the product (PGA) of the enzyme, namely that carboxysomes could affect the activity of RuBisCO. In higher plants, it was thought that the changes in the concentrations of RuBP and PGA played an important role in the regulation of RuBisCO activity and the rate of photosynthesis (Woodrow and Berry 1988) . If the activities of RuBisCO and photosynthesis are regulated in a similar way in cyanobacteria (see Mayo et al. 1989) , the carboxysomal diffusion resistance will affect the regulation of RuBisCO activity and photosynthesis. Carboxysomal diffusion resistance to RuBP and PGA may alter the steady state concentrations of RuBP and PGA around RuBisCO molecules, and therefore affect the degree of enzyme regulation by RuBP and PGA.
For the effective function of carboxysomes in the CCM, carboxysomes must have an ability to retain the CO 2 produced within them by CA Badger 1991, Reinhold et al. 1991) . Price and Badger (1991) suggested that the carboxysomal diffusion resistance depended on the protein shell or coat surrounding the carboxysome. The protein shell functions as a diffusion barrier to CO 2 leakage while allowing ions like HCO 3~ and RuBP to diffuse in Badger 1989a, 1991) . Reinhold et al. (1991) assumed that the resistance was due to the arrangement of CA surrounded by zones containing RuBisCO molecules in the carboxysome. In this model, the CO 2 produced by CA is immediately fixed by the closely located RuBisCO. Our results support the latter hypothesis, which implies the presence of a resistance to the diffusion of RuBP and PGA into the carboxysomes.
In both hypotheses, the carboxysomal diffusion resistance to CO 2 functions as an important part of the CCM. Schwarz et al. (1995) suggested that some high CO 2 -requiring mutants which have aberrant carboxysomes (LiemanHurwitz et al. 1991 , Price and Badger 1989b , Price et al. 1993 ) had a defective diffusion resistance to CO 2 . In order to study how carboxysomes function in the CCM, a convenient and quantitative method for assessing the diffusion resistance is needed. One such measure is the ^f m (RuBP) of Carboxysomal RuBisCO, which is useful for evaluating the resistance to CO 2 leakage.
